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,QWURGXFWLRQ
$XVWHQLWLFVWDLQOHVVVWHHOZHOGVDUHZLGHO\XVHG WR MRLQ WKHSUHVVXUL]HUVXUJHOLQHSLSHVRI WKHSUHVVXUL]HGZDWHU
UHDFWRUV6XFKZHOGVW\SLFDOO\FRQWDLQFHUWDLQDPRXQWVRIIHUULWHWRSUHYHQWKRWFUDFNLQJDVZHOODVWRDFKLHYHKLJKHU
VWUHQJWK >@ ,Q DGGLWLRQ WR ZHOGV FDVW DXVWHQLWLF VWDLQOHVV VWHHOV &$66V KDYH EHHQ XVHG LQ SULPDU\ SUHVVXUH
ERXQGDU\ FRPSRQHQWV RI QXFOHDU SRZHU SODQW 133 XWLOL]LQJ WKHLU KLJK VWUHQJWK DQG JRRG FRUURVLRQ UHVLVWDQFH
+RZHYHUEHFDXVHRIWKHH[LVWHQFHRIIHUULWHVDXVWHQLWLFVWDLQOHVVVWHHOZHOGVDQG&$66DUHVXVFHSWLEOHWRWKHUPDO
DJLQJHPEULWWOHPHQWGXULQJORQJWHUPH[SRVXUHWRVHUYLFHWHPSHUDWXUHRI133>@7KHUHIRUHWKHGHJUDGDWLRQRI
PHFKDQLFDOSURSHUWLHVVXFKDV WHQVLOHDQGIUDFWXUH WRXJKQHVV WHVWVFDXVHGE\WKHWKHUPDODJLQJVKRXOGEHSURSHUO\
HYDOXDWHG
)RU WKH FRQYHQWLRQDO WHVW PHWKRGV IRU WHQVLOH DQG -5 SURSHUWLHV UHODWLYHO\ ODUJH VL]H VSHFLPHQV DUH XVHG
+RZHYHUVRPHWLPHVWKHYROXPHRIZHOGVLVQRWHQRXJKIRUWKHVWDQGDUGWHVWVSHFLPHQ0HDQZKLOHVPDOOSXQFK63
WHVWKDVDGYDQWDJHVRIXVLQJVPDOOVL]HVDPSOHV>@%XWDV63WHVWLVDQLQGLUHFWWHVWPHWKRGWKHSURSHUFRUUHODWLRQ
EHWZHHQ63WHVWVUHVXOWVDQGVWDQGDUGWHVWVVKRXOGEHHVWDEOLVKHGIRUSUDFWLFDODSSOLFDWLRQ7KHUHIRUHLQWKLVVWXG\
WKHFKDQJHVLQPHFKDQLFDOSURSHUW\FDXVHGE\WKHUPDODJLQJZHUHHYDOXDWHGIRUWKHVWDLQOHVVVWHHOZHOGVDQG&$66V
E\XVLQJWHQVLOH-5DQG63WHVW7KHPHDVXUHGSURSHUW\GHJUDGDWLRQZDVFRPSDUHGZLWKWKHYDOXHVHVWLPDWHGIURP
WKHH[LVWLQJPRGHOV$OVRFRUUHODWLRQVZHUHGHYHORSHGWRHVWLPDWHWKHWHQVLOHSURSHUWLHVDQGIUDFWXUHWRXJKQHVVIURP
WKHORDGGLVSODFHPHQWFXUYHRI63WHVWV
0DWHULDOVDQGH[SHULPHQW
2.1. Materials 
,QWKLVVWXG\DXVWHQLWLFVWDLQOHVVVWHHO66ZHOGVPDGHRI(5/DQG(5ZHOGZLUHVZHUHXVHG7KHILOOHU
PHWDOVZHUHVHOHFWHGWRSURGXFHWKHILQLVKHGZHOGVZLWKIHUULWHFRQWHQWVRIDSSUR[LPDWHO\YRO)RUFRPSDULVRQ
SXUSRVH &)0 ZLWK  YRO  IHUULWH ZDV DOVR LQFOXGHG LQ WKH VWXG\ 7KH FKHPLFDO FRPSRVLWLRQV DQG IHUULWH
FRQWHQWVRIZHOGVDQG&)0EORFNVDUH OLVWHG LQ7DEOH)HUULWHFRQWHQWVRI WKHZHOGVZHUHFDOFXODWHGXVLQJ WKH
6FKDHIIOHUGLDJUDP7KHZHOGLQJEORFNVRI(5/DQG(5ZHUHIDEULFDWHGE\XVLQJPDQXDOJDVWXQJVWHQDUF
ZHOGLQJ*7$:ZLWKEXLOGXSZHOGLQJSURFHVVRQWKHW\SH/66SODWH
7DEOH&KHPLFDOFRPSRVLWLRQVDQGIHUULWHFRQWHQWVRIWKHWHVWPDWHULDOV
:W )H &U 1L 0R & 6L 0Q 1E )HUULWHFRQWHQWVYRO
(5/ %DO        
(5 %DO        
&)0 %DO        
2.2. Experiment 
7KHWHVWPDWHULDOVZHUHWKHUPDOO\DJHGDWR&IRUKLQDLUHQYLURQPHQW7KHDJLQJWHPSHUDWXUHR&
UHSUHVHQWV DFFHOHUDWLQJ FRQGLWLRQ FRPSDUHG WR RSHUDWLQJ FRQGLWLRQ  R& RI SUHVVXUL]HU VXUJHOLQH LQ 3:57R
HYDOXDWHWKHPHFKDQLFDOSURSHUWLHVRI66ZHOGVDQG&)0WHQVLOHIUDFWXUHWRXJKQHVVDQG63WHVWVZHUHFRQGXFWHG
DWURRPWHPSHUDWXUHDQGR&7HQVLOHWHVWZDVSHUIRUPHGXVLQJURXQGEDUW\SHVSHFLPHQVZLWKDVWUDLQUDWHRI[
VIROORZLQJWKHSURFHGXUHVRI$670((0D>@7KH-5FXUYHLVPHDVXUHGXVLQJ7&7VSHFLPHQE\
WKH QRUPDOL]DWLRQ PHWKRG IROORZLQJ WKH SURFHGXUHV RI $670 ( >@ 7KH PDFKLQHG QRWFK RI WKH &7
VSHFLPHQVZDVDOLJQHGZLWKWKHGLUHFWLRQRIZHOGLQJ/6RULHQWDWLRQ7KHUDWLRRILQLWLDOFUDFNOHQJWKWRVSHFLPHQ
ZLGWKD:ZDVDSSUR[LPDWHO\)UDFWXUHWRXJKQHVVWHVWZDVFRQGXFWHGDWDFURVVKHDGVSHHGRIPPPLQ
7KHVFKHPDWLFGHVLJQRI63WHVWLVVKRZQLQ)LJ7KH63VSHFLPHQLVDVTXDUHW\SHZLWKPPHDFKVLGHDQG
PPRIWKLFNQHVV63WHVWVSHFLPHQVZHUHPHFKDQLFDOO\SROLVKHGZLWKXSWR6L&SDSHUEHIRUHWKHWHVWV7KH
63WHVWZDVFDUULHGRXWDWDFURVVKHDGVSHHGRIPPPLQ$QDOXPLQDEDOORIPPLQUDGLXVZLWKKDUGQHVV
DERYH +5&  LV XVHG ,Q RUGHU WR SUHYHQW R[LGDWLRQ RI WKH VSHFLPHQV 63 WHVWV ZHUH SHUIRUPHG LQ D YDFXXP
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FRQGLWLRQ WRUUDWURRPWHPSHUDWXUHDQGR&$OVRWKHPLFURVWUXFWXUHFKDQJHDIWHUWKHWKHUPDODJLQJZDV
REVHUYHGXVLQJERWKVFDQQLQJHOHFWURQPLFURVFRSH6(0DQGWUDQVPLVVLRQHOHFWURQPLFURVFRSH7(0


)LJ7KHVFKHPDWLFVRIWKHVPDOOSXQFKWHVWMLJUG
5HVXOWVDQGGLVFXVVLRQ
3.1. Effect of thermal aging on mechanical properties 

)LJ7HQVLOHWHVWUHVXOWVDWURRPWHPSHUDWXUHIRUXQDJHGDQGDJHGVSHFLPHQ

)LJ7HQVLOHWHVWUHVXOWVDWR&IRUXQDJHGDQGDJHGVSHFLPHQ
7KHUHVXOWVRIWHQVLOHWHVWVDWURRPWHPSHUDWXUHDQGR&IRUWKHXQDJHGDQGKDJHGVSHFLPHQVDUHVKRZQ
LQ )LJV  DQG  7KH WHQVLOH VWUHQJWK DQG HORQJDWLRQ RI WKH XQDJHG ZHOG PDWHULDOV DUH ZLWKLQ WKH $60(
VSHFLILFDWLRQUHGOLQHLQ)LJ$VVKRZQLQWKHILJXUHVDIWHUKDJLQJDWR&FKDQJHVLQWHQVLOHSURSHUWLHV
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DUHREVHUYHGIRUDOOWHVWPDWHULDOV,QFDVHRIWKH(5DQG(5ZHOGVWHQVLOHVWUHQJWKLQFUHDVHGXSWR03D
ZKLOHHORQJDWLRQGHFUHDVHGE\)RU&)0WKHFKDQJHZDVPXFKELJJHUVXFKWKDWWHQVLOHVWUHQJWKLQFUHDVHGXS
WR03DDQGHORQJDWLRQGHFUHDVHG WR7KH ODUJHUUHGXFWLRQRIGXFWLOLW\RI&)0FRXOGEH UHODWHG WR WKH
KLJKHUIHUULWHFRQWHQWYROFRPSDUHGWRZHOGPDWHULDOVYRO6LPLODUPHFKDQLFDOSURSHUW\FKDQJH
ZDVDOVRREVHUYHGDWR&6XFKFKDQJHVLQPHFKDQLFDOSURSHUWLHVDUHFDXVHGE\WKHKDUGHQLQJRIIHUULWHVGXULQJ
DJLQJWUHDWPHQWE\VSLQRGDOGHFRPSRVLWLRQDQGRWKHUVHFRQGDU\SKDVHSUHFLSLWDWLRQ>@
)LJXUHDQG)LJXUHVKRZWKH-5WHVWUHVXOWVIRUWKHXQDJHGDQGDJHGVSHFLPHQVUHVSHFWLYHO\)RU(5/DQG
&)0DVLJQLILFDQWGHFUHDVHLQIUDFWXUHUHVLVWDQFHZDVREVHUYHGDIWHUDJLQJFRPSDUHGWRWKHXQDJHGFRQGLWLRQ)RU
(5/ZHOGVURRPWHPSHUDWXUH-&GHFUHDVHVIURPN-PWRN-PRUE\DIWHUDJLQJ)RU&)0WKH
GHFUHDVHLQURRPWHPSHUDWXUH-&ZDVHYHQJUHDWHUWKDWLWGURSSHGIURPN-PWRN-PRUE\DIWHU
DJLQJ 6LPLODU EHKDYLRXU ZDV DOVR REVHUYHG DW  R&0HDQZKLOH WKH GHFUHDVH LQ IUDFWXUH UHVLVWDQFH ZDV OHVV
VLJQLILFDQWIRU(5ZHOGVDIWHUDJLQJDWR&IRUKERWKDWURRPWHPSHUDWXUHDQGR&,WLVLQWHUHVWLQJ
WKDW WKH IHUULWH FRQWHQW DQG WHQVLOH SURSHUW\ FKDQJH DUH VLPLODU IRU (5/ DQG (5 ZHOGV EXW WKH IUDFWXUH
UHVLVWDQFH FKDQJH LV VRPHZKDW GLIIHUHQW EHWZHHQ WKH WZR 66 ZHOGV 7KH REVHUYHG FKDQJH RI WKH PHFKDQLFDO
SURSHUWLHVZLOOEHGLVFXVVHGLQYLHZRIWKHHIIHFWRIWKHUPDODJLQJRQPLFURVWUXFWXUHLQVHFWLRQ


)LJ-5WHVWUHVXOWVDWURRPWHPSHUDWXUHIRUXQDJHGDQGDJHGVSHFLPHQ

)LJ-5WHVWUHVXOWVDWR&IRUXQDJHGDQGDJHGVSHFLPHQ
3.2. Effect of thermal aging on microstructure 
)LJXUHVKRZVWKHPLFURVWUXFWXUHRIWKHXQDJHGDQGDJHG&)0$VVKRZQLQ)LJDWKHPLFURVWUXFWXUHRI
WKHXQDJHG&)0LVW\SLFDOO\FRPSRVHGRIGHOWDIHUULWHDQGDXVWHQLWHSKDVHVZKLOHSUHFLSLWDWHVVXFKDVFDUELGHVDUH
QRWREVHUYHG2QWKHRWKHUKDQGDIWHUWKHWKHUPDODJLQJDWR&IRUKDPRWWOHGFRQWUDVWLQQDQRVFDOHZDV
REVHUYHGLQ7(0EULJKWILHOGLPDJHDVVKRZQLQ)LJEZKLFKLVDW\SLFDOLQGLFDWLRQRIWKHSUHVHQFHRI&UULFK
UHJLRQDQG)HULFKUHJLRQIRUPHGE\ WKHVSLQRGDOGHFRPSRVLWLRQ>@)RUPDWLRQRI WKH&UULFKĮĜSKDVH LQ
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IHUULWHSURYLGHVWKHVWUHQJWKHQLQJPHFKDQLVPVWKDWLQFUHDVHVWUDLQKDUGHQLQJDQGORFDOWHQVLOHVWUHVV>@3UHYLRXVO\
LWZDVUHSRUWHGWKDW0&W\SHFDUELGHVZHUHREVHUYHGDWDXVWHQLWHIHUULWHLQWHUSKDVHERXQGDULHVDIWHUWKHUPDODJLQJ
DWR&IRUK>@+RZHYHULQWKLVVWXG\VXFKFDUELGHVZHUHQRWREVHUYHG


D7(0PLFURJUDSKRIWKHXQDJHG&)0

E7(0PLFURJUDSKRIWKHDJHG&)0DWR&IRUK
)LJ7(0LPDJHVRIDWKHXQDJHGDQGEDJHG&)0
3.3. Small punch test and development of correlations 
7KHPD[LPXPORDGYDOXHVRI63WHVWDUHXVHGWRGHYHORSWKHFRUUHODWLRQZLWKWHQVLOHVWUHQJWK)LJVKRZVWKH
UHODWLRQVKLSEHWZHHQWHQVLOHVWUHQJWKDQGWKHPD[LPXPORDGPHDVXUHGLQWKHVPDOOSXQFKWHVW3UHYLRXVO\0DRHWDO
KDYH GHULYHG DQ HPSLULFDO OLQHDU UHODWLRQVKLS EHWZHHQ 63 ORDG DQG WHQVLOH SURSHUWLHV >@ &XUUHQWO\ WHQWDWLYH
FRUUHODWLRQLVSURSRVHGIRUVWDLQOHVVVWHHOZHOGVDQG&)0DVIROORZLQJHTXDWLRQ
876 PD[ı  3  u    
ZKHUHı876DQG3PD[DUHWHQVLOHVWUHQJWKRIVWDQGDUGWHQVLOHWHVWVDQGPD[LPXPORDGRI63WHVWVUHVSHFWLYHO\)LJ
VKRZVPD[LPXP63ORDGDQGWHQVLOHVWUHQJWKEDVHGRQWKHDERYHOLQHDUUHODWLRQVKLS
:DQJHWDOUHSRUWHGWKDW-LQWHJUDOFRXOGEHH[SUHVVHGDVIROORZLQJHTXDWLRQ>@
 
Q <6
LQWHJUDO
Uı63(- İ
ʌUW  Q 
 
   
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ZKHUH63(VPDOOSXQFKHQHUJ\LVDUHDXQGHUWKHORDGGHIOHFWLRQFXUYHrDQGtUHSUHVHQWUDGLXVRIVPDOOSXQFKEDOO
DQGVSHFLPHQ WKLFNQHVV UHVSHFWLYHO\$W WKH VDPH WLPHı<6DQGn DUH WKH\LHOG VWUHQJWKDQGKDUGHQLQJH[SRQHQW
IURPWHQVLOHWHVWVɂതLVHTXLYDOHQWVWUDLQH[SUHVVHGDVDIXQFWLRQRIDQJOHVĮȕ>@
 
 FRVĮ  FRVĮİ OQ OQ
 FRVȕ  FRVȕ
ª º§ ·   « »¨ ¸ « »© ¹ ¬ ¼
  
ZKHUHĮDQGȕDUHDQJOHDWWKHERXQGDU\DQGDQJOHPDGHE\WKHVXUIDFHQRUPDO>@$VWKHDQJOHVDUHQRWHDVLO\
PHDVXUDEOHSDUDPHWHUVSUHYLRXVVWXGLHVUHODWHGDQJOHVĮȕWRGHIOHFWLRQDV
   > @  
  
EG E
D
E  tanrsin ln r cos
tan   
0HDQZKLOHDQJOHVĮDQGȕDUHUHODWHGE\WKHIROORZLQJWKHHTXDWLRQ>@
VLQ Į  VLQ ȕ r
b
  
,Q WKLV VWXG\ UDGLXVRIEDOO LVPPZKLOHDQJOHȽLV VHW WRYDOXHV UDQJLQJ IURP WRR7KHYDOXH IRUb
GHILQHGDV WKHHIIHFWLYHVSHFLPHQUDGLXVZDVPP$VVKRZQLQ)LJ ILWWLQJ WKHYDOXHVRIįDQGHTXLYDOHQW
VWUDLQE\DSRO\QRPLDOH[SUHVVLRQDUHODWLRQVKLSEHWZHHQįDQGHTXLYDOHQWVWUDLQLVREWDLQHGDVIROORZV
İ į į    
7KHQWKH-LQWHJUDOLVH[SUHVVHGDV
   
<6
LQWHJUDO
ı63(- į į
ʌ  

  

nr
rt n  

)LJ&RUUHODWLRQEHWZHHQPD[LPXPORDG3PD[LQ63WHVWVDQGWHQVLOHVWUHQJWKı876
1016   S.H. Hong et al. /  Procedia Engineering  130 ( 2015 )  1010 – 1018 
7KLVSURFHVV WR FDOFXODWH -& LV WHUPHGPRGLILHG HQHUJ\PHWKRG 0(0SURSRVHGE\<DQJ HW DO >@ )LJ 
VKRZVWKHUHODWLRQEHWZHHQ-&REWDLQHGIURPVWDQGDUGWHVWDQGWKDWIURP0(0$OLQHDUUHODWLRQVKLSFRXOGEHILWWHG
DVWKHIROORZLQJHTXDWLRQ
  WDQ      C s dard C MEMJ J   
+RZHYHULWVKRXOGEHQRWHGWKDWWKHUHLVFRQVLGHUDEOHVFDWWHULQWKHGDWD7KHUHIRUHLWLVQHFHVVDU\WKDWDGGLWLRQDO
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